Evaluation of nitronium ion-transfer equilibria, L1NO' + L2 = L2NO' + L1 (where L1 and L2 are ligands 1 and 2, respectively) by Fourier-transform ion cyclotron resonance mass spectrometry and application of the kinetic method, based on the metastable fragmentation of L1(NO+)L2 nitronium ion-bound dimers led to a scale of relative gas-phase nitronium ion affinities. ligands, aimed at the construction of a gas-phase nitronium ion-affinity scale.
NO+ affinities, that fit a reasonably linear general correlation when plotted vs. the corresponding proton affinities (PAs) . The slope of the plot depends to a certain extent on the specific nature of the ligands and, hence, the correlations between the NO+ affinities, and the PAs of a given class of compounds display a better linearity than the general correlation and may afford a useful tool for predicting the NO+ affinity of a molecule based on its PA. The NO+ binding energies are considerably lower than the corresponding PAs and well below the binding energies of related polyatomic cations, such as NO+, a trend consistent with the available theoretical results on the structure and the stability of simple NO+ complexes.
The present study reports an example of extension of the kinetic method to dimers, such as L1(NO+)L2, bound by polyatomic ions, which may considerably widen its scope.
Finally, measurement of the NO' affinity of ammonia allowed evaluation of the otherwise inaccessible PA of the amino group of nitramide and, hence, direct experimental verification of previous theoretical estimates. without further purification. The mass analyzed ion kinetic energy (MIKE) spectra were recorded using a ZAB-2F mass spectrometer from VG Analytical (Manchester, U.K), whose chemical ionization source was fitted with a specially built device, designed to cool the source block, removing the heat radiated from the filament by a stream of cold N2. The spectra were recorded at temperatures ranging from 400 to 50°C, as measured by a thermocouple inserted into the source block, using gaseous mixtures of NO2 and the two ligands (L1 and L2), whose composition was optimized to obtain the highest intensity of the L1(NO')L2 dimers, at total pressures in the 0.1-to 0. The study of the complexes formed in the gas phase by NO2 is currently the focus of considerable fundamental interest (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and, in addition, has a direct bearing on areas ranging from mechanistic organic chemistry (12) (13) (14) (15) (16) (17) (18) (19) to atmospheric chemistry, clustering and nucleation phenomena, intracluster reactivity (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , etc. In view of the considerable interest of the problem and of the scant experimental information currently available (31-33), we have undertaken a systematic study of the binding energy (BE) of NO+ to representative ligands, aimed at the construction of a gas-phase nitronium ion-affinity scale.
To this end, we have applied the Fourier-transform ion cyclotron resonance mass spectroscopy equilibrium method largely used in proton affinity (PA) measurements (34) to NO' transfer reactions and extended the kinetic method, so far used exclusively in PA and gas-phase acidity determinations (35, 36) , to nitronium ion-bound dimers.
MATERIALS AND METHODS
All chemicals were obtained as research-grade products from Aldrich and were used without further purification. The gases were purchased from Matheson with a stated purity >99.95 mol %, except NO2, for which purity was >99.5 mol %, and were used L,NO+ + L2 = L2NO2 + Ll, [1] allows direct determination of the corresponding free energy change, AG', provided that the equilibrium constant can be accurately measured, which requires attainment of true equilibrium, unperturbed by significant side reactions. In the specific application, CH3O(NO2)2, the nitrating reagent, is prepared in the external chemical ionization source of a Fourier transform ion cyclotron resonance mass spectrometer and driven into the resonance cell, where it nitrates both ligands, present in a known concentration ratio. One of the nitrated complexes is isolated by selective-ejection techniques and allowed to equilibrate in the mixture of the ligands. Application of the method is prevented in many cases by incursion of fast proton-transfer reactions that perturb the equilibrium-e.g., the nitronium ion transfer, [ The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
is adversely affected by competing charge-transfer reactions. As a consequence, application of the equilibrium method is restricted to those systems where proton-and/or electrontransfer processes are sufficiently slower than reaction 1, as in the example illustrated in Fig. 1 . In most cases, equilibrium 1 could be attained from both sides, and the AG' changes reported in Table 1 The Kinetic Method. The limitations of the equilibrium method have suggested extension to nitronium ion-bound dimers of the kinetic method developed by Cooks and coworkers (35, 36) for proton-bound dimers and subsequently applied to alkali cation-bound dimers (37) and other metal cation-bound clusters (38) (39) (40) (41) . It is a limiting procedure, based on several nonrigorous assumptions that nevertheless has proved highly successful in a var-iety of applications, especially in those systems where weakly bound dimers undergo simple dissociation kinetics, which is the case of many nitronium ion-bound dimers (see below).
In the case of interest, application of the kinetic method is based on the MIKE spectrometry of LI(NO')L2 nitronium ion-bound dimers, obtained by N02/chemical ionization of gaseous mixtures of the ligands. The conceivable formation of clusters-e.g., proton-bound dimers of the same m/z ratio but structurally different from nitronium ion-bound dimers-has required preliminary selection of the species suitable for application of the kinetic method. Fortunately a systematic survey has allowed identification of many (Li, L2, NO2)+ clusters whose metastable fragmentation occurs exclusively via the competing processes k[ L1(NO+)L2 k3 L1NO+ +L2, [3] suggesting that the dissociating species has the structure of a L1(NO+)L2 nitronium ion-bound dimer, as in the representative examples illustrated in Fig. 2 . Adopting the same set of Whereas neither approach allows direct measurement of free energy changes >2 kcal-mol-1, the individual AG1 changes for all pairs of ligands can be combined to construct a ladder that spans the entire range investigated, some 10 kcal mol-1 (Fig. 3) . Under the assumption that AG' AHi, such a fixed-temperature free energy scale approximates a relative BE scale, which has been anchored to the independently known H2O-NO' BE, 19.6 ± 2.4 kcalrmol-1, according to earlier equilibrium measurements (10) in close agreement with the value of 20.1 kcal-mol-1 (at 298 K) from a high-level ab initio study (8) to obtain the absolute BE values listed in Table 2 . The internal consistency of the AG' ladder, strengthened by multiple interlacing of its steps, is <0.1 kcal mol-1, increasing to 0.2 kcalFmol-1 only for the pairs including NH3. A larger uncertainty is introduced by taking AG -AHi, a practice widely adopted in the derivation of PAs from singletemperature equilibrium data (34) . A rough estimate of the error involved can be based on the recent evaluation of 80 proton-transfer equilibria (42) , characterized by a mean AS' change of 3.6 ± 2.2 cal-K-, whose neglect would introduce a 1.1 kcal mol-1 mean error into thp corresponding AH3oo values.
In this connection, it should be noted that the only independently known AS' change, which refers to the H20/CH30H pair (10), amounts to -2.7 ± 1 cal K-lmol-1, corresponding to a AHM -AG' difference of 0.8 kcal mol-1 at 300 K. Last, but not least, one must take into account the uncertainty arising from the error bar of ±2.4 kcal mol-I attached to the H20-NO' BE used as the reference value. Overall, the absolute uncertainty of the individual BE values is estimated to amount to ±2.6 kcal mol-1, and their internal consistency is estimated at ±1.3 kcal-mol-1. Chemistry: Cacace et aL mers-e.g., the O-N--O angle of the nitro group of the complex is computed to be 177°vs. the 180°angle of the free NO' (6) . The IR spectrum of gaseous H2O-NO2 displays two bands assigned to H20 stretching, whose maxima differ by <50 cm-1 from those of H20. These, and other spectroscopic features, point to a distant and relatively weak coordination of the monomers in the H2O-NO' complex (27, 30) , consistent with the theoretical results. The same picture is outlined by ab initic studies of the gaseous complexes formed by NO' with HCIO (24) and CH30H (8) and of the complexes containing two 'ligands-e.g.,' the H2O-(NO')-OH2 cation (7), characterized as a weakly bound complex, consistent with the evidence from IR and photodissociation spectroscopy (27, 30) . In summary, the available structural evidence underlines the reluctance of the nitronium ion to form tightly bound complexes undergoing the necessary structural changes, in particular as concerns the deformation of its geometry.
Data Correlation and Analysis. In general, the NO' BEs are much smaller than the corresponding PAs, which reflects the fact that the electrostatic energy release due to the charge expansion from the small HI to the larger LH+ ion exceeds, at any given separation, that due to the charge'expansion from the NO' ion to the ILNO' complex. Furthermore, the cationligand separation is much smaller in the case of HI than of NO', characterized by a distant coordination with the nucleophile, as discussed in the previous paragraph.
Including all the ligands investigated ( Table 2, Comparison of the BE of NO+ with that of other polyatomic cations is also of interest. We shall restrict the comparison to a closely related cation, the nitrosonium ion NO+, whose BEs to selected ligandsthave'been reported by Reents and Freiser (43) . In general, the NO+ BEs ar'e considerably larger than the corresponding NO+ BEs, owing, in part, to the smaller size, and h'ence higher charge density, of NO+ than of NO+.
However, the paramount factor is probably to be found in the mnuch smaller ion-ligand separation in the NO+ complexes. According to a recent ab initio study (44) , the monomer separation amounts to 2.20 A in the H2O-NOI complex vs. the 2.50-A separation in the H2O-NO' complex, which entails a considerably smaller electrostatic stabilization of the latter.
Furthermore, at variance with NO', NO' does not appear to undergo energetically unfavorable structural deformation upon complexation-e.g., the N-O equilibrium bond length does not change significantly in passing from free NO' to its complex with water (44).
In summary, comparison of the NO' and NO+ BEs, as well as of the extent of structural changes undergone by the two cations upon complexation, points to the reluctance of nitronium ion to form tightly bound complexes, characterized by a small separation between the nucleophilic center and the cation and by a significant deformation of the latter. Such a behavior is in line with the large reorganization energy of the initially linear NO' cation to a bent structure, identified by Eberson and Radner (45) as a major component of the activation energy for aromatic nitration in solution.
Local PAs of Nitramide. The results of this study allow experimental verification of the theoretical predictions concerning the relative basicity of the NH2 and the NO2 groups of nitramide. According to a recent ab initio study (31) , nitramide is an oxygen base in the gas phase, and its experimental PA = 182.1 + 2 kcal mol-1 refers to protonation at the nitro group, whereas the local PA of the amino group amounts to 175.0 kcal-mol-1, which corresponds to a H3N-NO+ BE of 27 kcal mol1. The The financial support from the Italian Ministero per l'Universiti e la Ricerca Scientifica e Tecnologica (MURST) and Consiglio Nazionale delle Ricerche (CNR) is gratefully acknowledged.
